Zinc oxide (ZnO) is a versatile and inexpensive semiconductor with a wide direct band gap that has applicability in several scientific and technological fields. In this work, we report the synthesis of ZnO thin films via two simple and low-cost synthesis routes, i.e., the molecular precursor method (MPM) and the sol-gel method, which were deposited successfully on microscope glass substrates. The films were characterized for their structural and optical properties. X-ray diffraction (XRD) characterization showed that the ZnO films were highly c-axis (0 0 2) oriented, which is of interest for piezoelectric applications. The surface roughness derived from atomic force microscopy (AFM) analysis indicates that films prepared via MPM were relatively rough with an average roughness (Ra) of 2.73 nm compared to those prepared via the sol-gel method (Ra = 1.55 nm). Thin films prepared via MPM were more transparent than those prepared via the sol-gel method. The optical band gap of ZnO thin films obtained via the sol-gel method was 3.25 eV, which falls within the range found by other authors. However, there was a broadening of the optical band gap (3.75 eV) in thin films derived from MPM. Crystals 2020, 10, 132 2 of 11 vapor deposition [13], atomic layer deposition [14], spray pyrolysis [15], printing [16], sol-gel spin coating [17] , and electrochemical deposition [18] , which are simpler methods and generally less costly. The conventional sol-gel method is often preferred over other chemical methods, due to its simplicity, lower crystallization temperature, and compositional control [19] .
Introduction
Zinc oxide (ZnO) is one of the most widely researched semiconductor oxides, owing to its many versatile and attractive properties, such as high chemical and thermal stability, non-toxicity [1] , ease of preparation, tunable direct wide band gap (3.4 eV), and high transparency in the visible region [2] . These properties saw ZnO thin films fabricated for various industrial applications, e.g., in optoelectronic devices [3] , lasers, gas sensors, and ultraviolet (UV) light emitters [4] , and as protective surface coatings [5] . ZnO plays important roles in a number of solar cell systems, such as silicon-based solar cells (first-generation), thin films (second generation), and organic multi-junction, dye-sensitized (third-generation) systems, either as a transparent conductive oxide (TCO) or as a junction for exciton separation [6] .
Several techniques were proposed for the fabrication of ZnO thin films to modify its optical properties, including both physical and chemical processes. Physical methods include sputtering techniques [7] [8] [9] , pulsed laser deposition [10] , and molecular beam epitaxy (MBE) [11] . However, these methods are often complex and require costly vacuum equipment. In contrast, ZnO thin films can also be prepared via chemical methods, such as chemical bath deposition [12] , chemical
Synthesis of ZnO Thin Films

Preparation of Precursor Solution for Fabrication of ZnO Thin Film Using Sol-Gel Method
The Zn precursor solution (0.4 M) was prepared according to the procedure of Khan et al. [22] with modifications. The procedure used zinc acetate dihydrate, a 1:1 ethanol-methanol mixture, and dibutylamine as the Zn source, solvent, and stabilizer, respectively. The weight ratio of zinc acetate dihydrate to dibutylamine was fixed at 1.0. The solution was then stirred for 2 h at 50 • C and aged for 24 h at room temperature. This procedure yielded a light-yellow homogeneous viscous gel.
Preparation of Precursor Solution for Fabrication of ZnO Thin Films Using MPM
The procedure was based on the method of Sato et al. [29] with modifications. A Zn precursor solution (0.4 M) was prepared using EDTA, zinc acetate dihydrate, 2-methoxyethanol, and monoethanolamine as a complexing agent, Zn source, solvent, and stabilizer, respectively. The mole ratio of zinc acetate dihydrate to EDTA was 1:1, while it was 1:2.45 for monoethanolamine. In this procedure, EDTA was dissolved in 2-methoxyethanol and monoethanolamine was added; then, the solution was refluxed with constant stirring at 55 • C for 30 min. The solution was cooled to room temperature and zinc acetate dihydrate was added. The solution was refluxed further at 65 • C for 2 h, and a clear orange solution was obtained.
Film Fabrication by Coating and Heat Treatment
Firstly, 200 µL of the precursor solutions obtained from the MPM and the sol-gel routes were spin-coated onto pre-cleaned glass microscope slides using a double step mode, first at 500 rpm for 5 s and then at 2500 rpm for 30 s. The films were dried in a preheated oven at 150 • C for 10 min. The coating and drying steps were repeated up to 10 times to improve the thickness of the films. The thin films were then annealed at 500 • C for 1 h. Earlier studies demonstrated that annealing temperatures of around 500 • C generally result in the formation of well-crystallized metal-oxide thin films [20] [21] [22] .
Characterization of ZnO Thin Films
The crystal structure of the fabricated ZnO thin films was investigated using a Bruker D8 Advance X-ray diffractometer (XRD) with CuKα radiation λ = 1.5402 Å. The surface morphology and topography were evaluated with a Bruker Dimension Edge atomic force microscope (AFM) with ScanAsyst TM and the Hitachi S4800 FE-SEM. The optical transmittance was measured on a Perkin-Elmer Lambda 750 UV-Vis/near-infrared (NIR) spectrophotometer in the range of 300 nm to 700 nm. Figure 1 shows the XRD patterns of ZnO thin films on the microscope glass prepared via the MPM and sol-gel methods. The XRD spectra of sol-gel-derived thin films indicate the presence of three dominant peaks, corresponding to diffraction planes of (1 0 0), (0 0 2), and (1 0 1), showing the growth of ZnO crystallites along different directions. The peaks correspond to those of the standard ZnO (JCPDS 36-1451), and the typical hexagonal wurtzite structure was, therefore, inferred for the thin films from the XRD patterns. In this study, the baseline was not horizontal due to the amorphous glass substrate used. O'Brien et al. [26] observed a similar broad feature between 20 • and 40 • , which was attributed to the amorphous nature of the glass substrate used. Only the (0 0 2) peak was observed for the MPM-derived thin films, which is the kinetically favored orientation along the c-axis [35] .
Results and Discussion
Crystal Structure and Particle Size
It was reported that, in ZnO, unlike thin films synthesized using short-chain alcohols such as ethanol, films synthesized using solvents with high boiling points (e.g., 2-methoxyethanol) show a very strong preferential orientation along the (0 0 2) plane [36] [37] [38] . This finding was attributed to the slow evaporation of high-molecular-weight alcohol upon heating, allowing structural orientation of the film before crystallization. In addition, this preferential orientation observed for ZnO grown on an amorphous glass substrate is due to the presence of non-bridging oxygen atoms in the glass substrate which assist the growth of ZnO along the (0 0 2) plane [39] . The (0 0 2) diffraction peak was widely observed as a preferred orientation in solution-grown ZnO [40, 41] , and the appearance of the (0 0 2) diffraction peak suggests that the surface free energy of this plane is the lowest both in the sol-gel-and in the MPM-fabricated ZnO thin films, thereby resulting in its preferred orientation.
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where D is the crystallite size, λ (1.5418 nm) is the wavelength of the incident X-ray beam CuK a , β is the full width at half-maximum, and θ is the Bragg diffraction angle. The evaluated structural parameters of the thin films synthesized via the two methods are presented in Table 1 . The line broadening at half the maximum intensity (FWHM) was relatively large (4.535 × 10 −3 rad) in thin films obtained from the MPM compared to those obtained from the sol-gel method (3.664 × 10 −3 rad). This indicates that crystallinity was better in the sol-gel-derived thin films, as the FWHM is inversely related to the crystallite size (Equation (1)). The crystallite size for the thin films synthesized through the MPM method was significantly smaller (32 nm) compared to that obtained through the sol-gel method (39.6 nm). A larger crystallite size of the sol-gel-derived ZnO thin films is an indication of less ordered grains and fewer micro-defects in the grains [39] , which translates into a small value for the dislocation density and strain given in Table 1 . Figure 2 shows the scanning electron microscopy (SEM) image of a ZnO thin film synthesized via the molecular precursor method. The surface appears to be microporous with inhomogeneous spherical grains of different sizes. The average value of the crystallite size value obtained from the scanning electron microscopy (SEM) analysis was about 34 nm, which is quite close to that obtained from the XRD analysis (32 nm). Differences in thermal expansion represent one of the factors that affect the bonding between the coating and the underlying micro glass substrate. The influence of the difference in the thermal expansion coefficient between the ZnO film and the substrate is negligible, because of the very thin nature of the deposited ZnO thin film with a height of 7.67 nm ( Figure 3 ). As a result, there is stable bonding between the ZnO thin film and the micro glass substrate. The exact bonding mechanism of the thin films and supportive substrate in the molecular precursor method is not clear. Further studies related to the observation of the interface between the coated ZnO thin film and glass substrate are needed. through the sol-gel method (39.6 nm). A larger crystallite size of the sol-gel-derived ZnO thin films is an indication of less ordered grains and fewer micro-defects in the grains [39] , which translates into a small value for the dislocation density and strain given in Table 1 . Figure 2 shows the scanning electron microscopy (SEM) image of a ZnO thin film synthesized via the molecular precursor method. The surface appears to be microporous with inhomogeneous spherical grains of different sizes. The average value of the crystallite size value obtained from the scanning electron microscopy (SEM) analysis was about 34 nm, which is quite close to that obtained from the XRD analysis (32 nm). Differences in thermal expansion represent one of the factors that affect the bonding between the coating and the underlying micro glass substrate. The influence of the difference in the thermal expansion coefficient between the ZnO film and the substrate is negligible, because of the very thin nature of the deposited ZnO thin film with a height of 7.67 nm ( Figure 3 ). As a result, there is stable bonding between the ZnO thin film and the micro glass substrate. The exact bonding mechanism of the thin films and supportive substrate in the molecular precursor method is not clear. Further studies related to the observation of the interface between the coated ZnO thin film and glass substrate are needed. Consistent with our results, previous reports showed that the molecular precursor method produces thin films of small crystallite size due to a rapid nucleation process [42] . The main difference between the sol-gel and the molecular precursor method is the absence of polymerization in the MPM solution, ensuring that the precursor film formed after coating remains amorphous and the solution remains stable over a long time [43] . The shrinkage rate and the packing of the precursor film on the substrate depend on the chain length of the alkylamine used in the synthesis [43] . It was suggested that the crystallite size of the metal oxide obtained via the MPM method will be smaller than that obtained from the sol-gel process [44] , because the nucleation process in the sol-gel method during heat treatment is slower, as the polymeric chains rearrange to form the basic core structure of the metal oxide, resulting in relatively large crystallites.
The dislocation density ( ) and lattice strain ( ) in the thin films were estimated using the following equations:
As shown in Table 1 , ZnO thin films obtained from the sol-gel method showed smaller values for the dislocation density and lattice strain than those obtained from the molecular precursor method. The dislocation density and lattice strain represent flaws and levels of defects in the crystal structure of the thin films, with smaller values indicating better crystallinity of the thin films [41] . a b Consistent with our results, previous reports showed that the molecular precursor method produces thin films of small crystallite size due to a rapid nucleation process [42] . The main difference between the sol-gel and the molecular precursor method is the absence of polymerization in the MPM solution, ensuring that the precursor film formed after coating remains amorphous and the solution remains stable over a long time [43] . The shrinkage rate and the packing of the precursor film on the substrate depend on the chain length of the alkylamine used in the synthesis [43] . It was suggested that the crystallite size of the metal oxide obtained via the MPM method will be smaller than that obtained from the sol-gel process [44] , because the nucleation process in the sol-gel method during heat treatment is slower, as the polymeric chains rearrange to form the basic core structure of the metal oxide, resulting in relatively large crystallites.
The dislocation density (δ) and lattice strain (ε) in the thin films were estimated using the following equations:
As shown in Table 1 , ZnO thin films obtained from the sol-gel method showed smaller values for the dislocation density and lattice strain than those obtained from the molecular precursor method. The dislocation density and lattice strain represent flaws and levels of defects in the crystal structure of the thin films, with smaller values indicating better crystallinity of the thin films [41] . Thus, it can be inferred that the thin films obtained from the sol-gel method are of better quality than those obtained from the molecular precursor method, potentially because the formation of crystallites of larger sizes allows the release of strain energy and relaxation between grains in the thin films [42] .
Topographical features of the ZnO thin films were measured with AFM in tapping mode over a scan area of 1 µm 2 . Figure 3 shows the micrographs of the thin films prepared via the MPM and sol-gel methods. Based on the surface roughness and height recorded in Table 2 , it is evident that the thin films obtained from MPM have a high surface roughness, with the root mean square (RMS) of the surface = 3.47 nm, compared to that obtained from the sol-gel method where RMS = 2.02 nm.
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Optical Properties
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where α is the absorption coefficient, hν is the incident photon energy, and A is a constant.
The optical band gap was then estimated by plotting (αhν) 2 against the photon energy (h ) and
extrapolating the linear portion of the curve to the photon energy axis, as shown in Figure 5 . The presence of a single slope in the plot for ZnO fabricated using MPM suggests that, unlike in the solgel method, films in MPM have direct and allowed transitions. The band gap energy (eV) is obtained by extrapolating the straight-line portion of the plot to the zero absorption coefficient. Thus, the band gap values of the ZnO thin films fabricated via the sol-gel method and MPM were found to be 3.25 and 3.75 eV, respectively. However, the Tauc plot for thin films obtained from the sol-gel method shows a second linear segment, which could be due to sub-band gaps from a possible secondary phase [49] . The value of the optical band gap for the ZnO fabricated via the sol-gel method agrees with what is reported in the literature [50, 51] . ZnO thin films that can absorb in the visible range of the spectrum make these materials suitable as a window layer in solar cells. However, the band gap for the ZnO thin film fabricated using MPM was a bit higher. There are two possible reasons for a large band gap value of the film: (i) owing to an axial strain effect from lattice deformation as suggested for ZnO films [52] , or (ii) owing to a change in the density of semiconductor carriers. Which of these scenarios is the most likely, however, requires further investigation. Large optical band gap values (3.52-3.71 eV) were also reported by Akhtar et al. [53] and Wahab et al. [54] . Both groups attributed the blue shift of the band gap to residual strain defect and grain size confinement, although the grain sizes ranged between 28 nm and 150 nm. Samanta et al. [55] reported that the confinement regime of ZnO is much stronger when the particle size is much closer to the Bohr radius (2.3 nm). Hence, band gap broadening of ZnO thin films cannot be 
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Given that the thin films in this study were very thin, the blue shift in the band gap could be due to the presence of interference from the amorphous glass substrate used. It is also possible that there could be a reformation of intermediate phases or new amorphous ZnO-like structures, as reported by Gonzalenz [56] and Nishio [37] . Nonetheless, other factors, such as variations in shape and size, may also play a role [57, 58] .
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Summary and Conclusions
ZnO thin films with a preferential (0 0 2) orientation along the c-axis deposited on microscope glass slides were synthesized via two synthesis routes: sol-gel and molecular precursor methods. It was demonstrated, based on the estimated structural parameters, such as crystallite size, dislocation density, strain, and surface roughness, that the sol-gel-derived ZnO thin films were of better quality and crystallinity than those prepared via the MPM method. Results from optical studies showed a larger band gap (3.75 eV) for thin films fabricated using MPM. Factors such as the synthesis and deposition conditions employed in this study could be responsible for the observed larger band gap. The observed high transparency of the as-prepared ZnO thin films (88% for sol-gel and 90% for MPM) in the visible region makes them suitable for use as transparent windows for various applications. Future investigations will characterize other optical properties such as the absorption coefficient and refractive index, as well as explore transition-metal doping to narrow the band gaps and to extend the absorption in the visible region. 
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